Natural Protected Areas (NPAs) are the main biodiversity conservation strategy in Mexico. 3 Generally, NPAs are established on the territories of indigenous and rural groups driving 4 important changes in their local resource management practices. In this paper we study the 5 case of Otoch Ma'ax Yetel Kooh, an NPA in the Yucatan Peninsula, Mexico, that has been 6 studied in a multidisciplinary way for more than twenty years. This reserve and its buffer zone 7 is homeland to Yucatec Mayan communities that until recently used to manage their resources 8 following a multiple use strategy (MUS), which involves local agricultural practices and has been 9 proposed as resilience-enhancing mechanism. However, due to the restrictions imposed by the 10 decree of the reserve and the growth of tourism in the region, some of these communities have 11 started to abandon the MUS and specialize on tourism-related activities. We build a dynamical 12 computational model to explore the effects of some of these changes on the capacity of this NPA 13 to conserve the biodiversity and on the resilience of households to some frequent disturbances in 14 the region. The model, through the incorporation of agent-based and boolean network modelling, 15 explores the interaction between the forest, the monkey population and some productive activities 16 done by the households (milpa agriculture, ecotourism, agriculture, charcoal production). We 17 calibrated the model, explored its sensibility, compared it with empirical data and simulated 18 different management scenarios. Our results suggest that those management strategies that 19 1 do not exclude traditional activities may be compatible with conservation objectives, supporting 20 previous studies. Also, our results support the hypothesis that the MUS, throughout a balanced 21 integration of traditional and alternative activities, is a mechanism to enhance household resilience 22 in terms of income and food availability, as it reduces variability and increases the resistance to 23 some disturbances. Our study, in addition to highlighting the importance of local management 24 practices for resilience, also illustrates how computational modeling and systems perspective are 25 effective means of integrating and synthesizing information from different sources. 26 27 agent-based model, boolean network, resilience 28 1 INTRODUCTION Natural Protected Areas (NPAs) are one of the main conservation strategies in the world to face 29 biodiversity loss. In 2016, 14.7% of terrestrial and inland water ecosystems worldwide were under this 30 type of protection (UNEP -WCMC and IUCN, 2016). This strategy, however, has been highly controversial 31 for their impact on the rural communities that inhabit the protected territories, namely, on their forms of 32 resource management and appropriation (Durand and Jímenez, 2010; García-Frapolli, 2015). Nowadays, 33 conservation strategies in NPAs range from total exclusion of human activities, to the promotion of the 34 sustainable use of the territory (Brockington and Wilkie, 2015).
monetary value they obtain. Fifth, forest fires can occur on patches with fuel biomass accumulated. Finally, monkeys can move from patch. Annually (i.e., every 6 iterations), two additional processes follow: patches 184 regenerate and spider monkey population dynamics take place. 185 As simulations are performed along discrete time steps, all the state variables of the agents are updated 186 synchronously. 199 Spider monkeys are also affected by high levels of tourist flow. The occurrence of the different meteorological events is stochastically determined based on occurrence 202 probabilities (see sections below). The selection of the patches that accumulate fuel biomass is random. 203 Tourist flow has a stochastic component. The selection of new parcels for cultivation, the site for placing 204 the beehives and the fuel biomass used by the households is partly random. Forest fires are modeled using 205 a stochastic percolation model. And the movement of the monkeys is partly random. 206
Collectives

207
Contiguous patches of the same type and within the same range of successional age aggregate into patch 208 neighborhoods. Monkeys living in the same patch neighborhood are aggregated into a local population 209 with its own population dynamics. 
Observation
211
The average annual monetary value of the productive activities done by the households (Table S3) is 212 observed to assess the economic state of the households. The mature forest area (successional age >50 213 years), the vegetation type that harbours the greater species richness and most rare species (Bonilla-Moheno, rasterized and inserted into the landscape grid. The successional age of the patches is set to the minimum age according to the range to which they belong on the base map (2-7, 8-15, 16-29, 30-50, >50 years Weather conditions are modeled using BNM. This submodel is based on the submodel of the same name 229 of López-Martínez (2017) and is used to give a temporality to the model. The submodel is composed of 230 three nodes: temperature, pressure and precipitation. The interpretation of the state of the nodes, regulation 231 functions and their explanations are shown in Table S1 . The dynamics of this submodel generates a periodic 232 attractor of length 6 where the node precipitation remains in one same state for three consecutive states of 233 the attractor and in a qualitatively different state during the next three states. This dynamics is interpreted 234 as an annual climatic dynamic with 6 months of rainy season and 6 months of dry season. This climatic 235 dynamic is characteristic of the region, so each state of the attractor is mapped to one bimester of the year.
236
This mapping allowed us to locate different events throughout the year. where p 1 and p 2 are parameters that determine the shape and position of the inflection point, respectively.
244
The speed of wind (s) takes a value depending on the type of event that occurs on a bimester: no storm (10 245 mph), tropical storm (20 mph) and hurricanes from category one to five (74, 96, 111, 130 and 157 mph) . On 246 the rainy season storms and hurricanes can take place with certain occurrence probability estimated with 247 data from NOAA (2019) ( Table S2 ). When an event occurs a unit of fuel biomass is created on an amount 248 of patches of type milpa or forest randomly selected equivalent to the proportion of affected patches (P (s)).
249
When created, fuel biomass units are assigned a time of duration from normal distribution (mean duration 250 of fuel biomass, Table S2 ). Table S1 . With these rules we obtain a dynamic with two bimester of high season and four of low As hurricanes generally reduce the flow of tourists (García-Frapolli et al., 2012) , we assumed that if a hurricane occurs on a bimester, then no tourists arrive (i.e., the nodes tourism and tourismH turn off).
259
Likewise, as the main tourist attraction at the site are spider monkeys (García-Frapolli et al., 2013) , we 260 assumed that if there are not at least 20 monkeys at a ratio of 3 km from the households location then no 261 tourists arrive.
262
Finally, a stochastic factor was added to simulate the effect of economic and social disturbances that also 263 reduce the number of tourists. This was simulated through a parameter that with certain probability avoids 264 a high flow of tourists (i.e., the node tourismH is kept turned off; probability of high flow of tourists, Table   265 S2). Household activities are also modeled using BNM. This submodel is composed of seven nodes: 268 openMilpa, plantMilpa, youngMilpa, adultMilpa, harvestMilpa, harvestApiculture and charcoalProduction.
269
The interpretation of the state of the nodes, regulation functions and their explanation are shown in Table S1 .
270
With these rules we obtained a dynamic that allows to locate the realization of the households' productive 271 activities throughout the year (see 3.1. Submodels build with boolean network modelling). In contrast to 272 the other submodels built with BNM, whose nodes are global (i.e., one set of nodes for all the system), the 273 nodes that constitute this submodel are unique for each household considered in the simulation (i.e., each 274 household has its own set of nodes).
275
To spatially simulate the production of milpa agriculture, when a household opens a milpa it chooses a 276 plot equivalent to 3 ha within a radio of 3 km from is location. Milpas are only opened in patches with 277 successional age greater than or equal to 5 and less than 50 years.
278
To simulate the effect of the hurricanes on the agriculture it is supposed that if a hurricane occurs and the 279 milpa plot of a household is affected by it (i.e., accumulates fossil fuel), then the plants and harvests are 280 lost (i.e., youngMilpa, adultMilpa and harvestMilpa nodes turn off). Likewise, to simulate the effect of 281 hurricanes on apiculture, it is supposed that a household places their beehives in a patch in a radius of 3 km 282 from its location, and if a hurricane occurs and this patch is affected, then the beehives are damaged and 283 there will be no harvests during the next two years. Finally, it is also supposed that households that produce 284 charcoal consume one unit of fuel biomass in a radius of 3 km from its location.
285
Each bimester, households calculate their total bimonthly monetary value from the values shown in Table   286 S3. (Table S2 ). If a forest fire occurs, then one of the 291 patches with most fuel biomass accumulated ignites, and with certain probability (burning probability of 292 patches, Table S2 ) the four neighbour patches containing fuel biomass can also ignite. Then, each burned 293 patch repeats the process. Spider monkeys can move with certain probability that depends on the successional age of the patch they 296 are on (probability of permanence, Table S2 ). If a monkey moves, then it randomly shifts to a neighbouring 297 patch with successional age greater than or equal to 30 years. If there are monkeys on patches of type milpa or burned, then they move to one of their nearest patches with successional age greater than or equal to 30 299 years. 300 2.2.7.7 Forest regeneration 301 For simplification purposes, we supposed that the regeneration of the forest is deterministic and that the 302 only factor affecting the successional state of the patches is time. So, each year the patches of type milpa, 303 burn and forest increase their successional age. This submodel is based on the submodel named "Animal meta-population dynamics" of Iwamura et al.
306
(2014). First, patch neighborhoods (set of neighbor patches within the same range of successional age) of 307 late successional forest (30-50 years) and mature forest (>50 years) are formed. Then, for each of these 308 neighborhoods the local population size (N t ) is estimated using the logistic growth equation:
Where N t−1 is the local population size in the time t − 1, R is the discrete intrinsic growth rate and k is the carrying capacity of the neighborhood. R was obtained from the literature, and k for the nth neighborhood, denoted k n , is calculated in the next way:
Where D max is the maximum density of a patch and C n is the number of patches that form the nth neighborhood. D max values were obtained from the literature (Table S2) .
implemented by the households (we only explored the cases where all the households implemented the same set of activities). Each treatment was run 30 times during a time span of 50 years. Combinations were 367 classified and averaged following to the characterization of strategies of García-Frapolli et al. (2007) (Table   368 S4): 4. Other: combinations that did not correspond to any of the previous ones.
373
To explore the effect of different management strategies on the resilience of the SES to some frequent 374 disturbances we ran the next set of scenarios: 375 1. We increased the frequency of hurricanes and tropical storms by arbitrarily multiplying the probabilities 376 of occurrence of tropical storms and of each type of hurricane by 3. 377 2. We increased the frequency of forest fires by arbitrarily multiplying their probability by 3. 378 3. We reduced the flow of tourism by arbitrarily reducing the probability of high flow to 0.3.
379
Each scenario was run 30 times during a time span of 50 years. is almost ready to be harvested and on which households can produce charcoal. 392 We observed the following behavior patterns for the three output variables: Figure 6 . Model results for different strategies under different scenarios. Each column of graphs represents a different scenario and each row a different output variable. The four scenarios shown are: a scenario with normal level of all disturbances, a scenario with an increase in the storms and hurricane occurrence probability, a scenario with an increase in the probability of occurrence of forest fires and a scenario with a decrease in the probability of the flow of tourists. First row: Mature forest area in ha (forest with successional age greater than 50 years). Second row: total number of monkeys. Third row: average monetary value of activities done by the households in daily minimum wages. Lines represent the mean and upper and lower shadows represent 5th and 95th quartiles, respectively, for different strategies (in colors), each ran over a 50 year period and for 30 simulation runs. The four scenarios shown are: a scenario with normal level of all disturbances, a scenario with an increase in the storms and hurricane occurrence probability, a scenario with an increase in the probability of occurrence of forest fires and a scenario with a decrease in the probability of the flow of tourists. Boxplots represent the yearly average monetary value of different strategies (in colors) for 30 simulations each ran over a 50 year period.
Sensitivity analysis
